The effect of dynamic performance shall be considered when calculating the wind speed relative to the wind turbine structure, since it is essential to prolong its service life. This article presents a method to get dynamic responses of a wind turbine under different conditions. The time-varying load acting on the blade is calculated by using the blade element momentum theory, and the dynamic performance of the wind turbine are calculated by applying the modal superposition method with blade loads as excitations. A platform is constructed to experimentally test the dynamic responses of the wind turbine system. The dynamic response process is adopted to carry out a dynamic analysis, and theoretical results are compared with experimental results, indicated that the analysis presented in this paper is correct. In addition, the 2 MW wind turbine operating in different wind fields is analyzed by applying the computing method. The results indicate that the wind turbine experiences a huge transverse vibration under turbulent wind, the hub vibration is intensified up to 179.52 %, and the vibration of the blade tip intensifies up to 190.41 % under the action of gusts in extreme conditions relative to the steady state, which shall be considered during design.
Introduction
Due to that the global energy shortage and environmental pollution, wind energy has been attracting a growing amount of attention as a type of clean and renewable energy source [1] . Since natural wind is variable in time and space, wind generating sets are subject to frequent disturbances and dynamic load excitations, resulting in strong vibrations which are detrimental to its operating performance and service life. With the incessant development of the wind power industry, wind generating sets must be increased in size and power, in order to make their dynamic performance more complex [2] . Accordingly, when wind turbines are subject to dynamic analysis, it is necessary to analyze their dynamic performance in various conditions.
In a recent research work on the dynamic performance test of wind turbines, Javad Baqersad adopted the stereophotogrammetry to measure the dynamic strain of the wind turbine impeller [3] . Yoonsu Nam built an experimental platform for a wind turbine hub and nacelle and adopted the Kalman filtering method to estimate the displacement response of the nacelle [4] . Li Ming adopted a similar model for a 1.5 MW wind generating set blade and simulated a natural wind field by a vehicle carrying test system, to obtain load data from every section of the blade and the output power of the set, being consistent with BLADED simulation results to a great extent [5] . Since the wind turbine is in an extreme environment, with blade rotor diameters up to hundreds of meters in magnitude and requiring long test periods, a limited number of research works have been carried out on the dynamic performance of wind turbines.
In terms of theoretical research on this field, Murtagh investigated the coupling between the tower and the wind load, carrying out the corresponding forced vibration analysis [6] . Liu Xiong analyzed the dynamic performance of a wind turbine in turbulent condition and demonstrated that centrifugal stiffening and aerodynamic damping of blades had a great influence on its dynamic response [7] . Mohammad-Amin Asareh built a dynamic response simulation platform for a 5 MW wind turbine to simulate the dynamic response of a wind turbine in normal and seismic conditions, and analyzed the difference in dynamic response between different conditions [8] . Lv Jinan has studied a simplified blade and tower of a MW wind generator, determining the displacement response of a wind turbine in start-up and analyzing the influence of the geometric nonlinearity of blade on the dynamic response of the wind turbine [9] . Wu Pan worked with AroeDyn and FAST software to set up a simulation model for the wind turbine and analyzed the dynamic performance of a wind turbine in five different turbulent conditions based on aerodynamics [10] . However, the analysis objects in these works are individual parts such as the blade and the tower; in addition, almost no literature is available concerning the transient response of wind turbines in complex conditions.
In this paper, a dynamic performance calculation method is proposed based on the mode superposition method. A numerical analysis and experimental tests are carried out on an experimental prototype of wind turbine, indicating that the calculation method presented in this paper is accurate. The method has been adopted to analyze the dynamic performance of a 2 MW large wind turbine in start-up, normal shut-down, standard turbulence and limit gust conditions.
Aerodynamic load calculation base for wind turbine
A wind turbine is primarily composed of blades, hub, nacelle, tower and drive system. The wind turbine draws wind energy through blades to sustain the movement of a wind rotor and convert wind energy into mechanical energy by a drive system. Therefore, blades are the leading component under stress in the operating system [11] . The loads applied to the blade mainly include aerodynamic force, centrifugal force and gravity. Fig. 1 shows the coordinate system employed for the loads and the deflection of blades, in which, is the windward direction, the axis is along the length of the blade, and the axis is determined by rule of the right hand. The document [7] integrates the actions of aerodynamic load, gravity and centrifugal force acting on blades, in order to determine the overall load per unit length applied to the formulas:
where: and are aerodynamic load per unit length; , and are blade gravity forces per unit length;
and are centrifugal forces of blade per unit length. Since the impeller of wind turbine analyzed in the paper is stationary, the windward load on blade shall be the primary load.
Theory and calculation of dynamic performance of wind turbine

Fundamental theory on mode superposition method
The most commonly used dynamical methods include the multi-body dynamics method (MBS), finite element method (FES), modal analysis method and continuous system (COS). Among these, the finite element method and the modal analysis method are most frequently adopted to the dynamics of wind turbines [12, 13] . The finite element method is adopted to make a study of the dynamic performance of a wind turbine; the basic idea is to repeatedly utilize a transient analysis to determine the steady response of the structure under the action of a periodical excitation. The transient analysis can be performed in terms of a full transient analysis, reduced transient analysis and mode superposition method for the solution. The full transient analysis requires a large amount of calculations and an accordingly longer time, whereas the reduced transient analysis is unable to find the applied unit loads, since all the loads are applied only to a user-defined master degree of freedom. The mode superposition method extracts the master mode set of the structure (master matrix) to form the coordinate transformation matrix for the transformation and reduction of its order.
Wind turbines are characterized by a longer time for load bearing and by complex frequency components; therefore, we have adopted the mode superposition method to obtain the dynamic response of the wind generating set. Compared with other methods, this approach uses fewer degrees of freedom to carry out a reliable simulation of the dynamic behavior of the wind turbine with faster calculation speed and high efficiency. Under the action of a time-varying load, the equation of motion for a multiple-degree of freedom wind turbine can be written as follows:
where is the mass matrix; is the damping matrix; is the stiffness matrix; is the node acceleration vector;
is the node speed vector; is the node displacement vector. is the modal matrix of the system, the coordinate transformation is as follows:
Forced vibration equation of system:
Eq. (4) is multiplied by the characteristic mode of vibration to obtain:
has orthogonality, the equation under principal coordinate:
According to the orthogonality of principal mode of vibration, we can obtain:
where is the damping ratio of th order modal shape; is the frequency of the th order modal shape, = ⁄ .
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Eq. (7) is substituted into Eq. (6) to obtain the second order differential equation:
After the displacement component on every modal coordinate is solved, the displacement response at every node degree of freedom shall be obtained by the mode superposition method:
Dynamic response calculation process for wind turbine
The calculation method for the dynamic responses of wind turbines takes the finite element as a platform and the secondary development language APDL for the solution. The detailed analysis process is shown in Fig. 2 .
Fig. 2.
Calculation process for dynamic performance of wind turbine "Program 1" in the calculation process adopts the theorem of momentum for the blade element to calculate the aerodynamic force acting on the blade. This includes the calculation of the blade aerodynamic performance and the calculation of the velocity induced factor iteration. The document [14] elaborates a calculation process for the aerodynamic force on the blade, this paper gives no unnecessary details; the main program in the calculation process express the windward dynamic loads of the blade into ANSYS by APDL and disperses them into an impulsive load one, storing them in the textual form and then adopting the mode superposition method to find the dynamic response of the wind turbine; if the wind turbine is subject to a steady state analysis, "program 2" is adopted in the calculation process to determine whether the steady state phase is actually reached. The allowed error in the solution period is : if the requirement of Eq. (10) is satisfied, the wind turbine has reached a steady response state, and the calculations can be terminated at this point [15] :
where: is the allowable error given in the period; is the displacement value of wind turbine on the th node at the last moment;
is the displacement value of wind turbine on the th node at the initial moment.
Calculation method verification
Since the true prototype of a wind turbine can reach a width of hundreds of meters, it is very difficult to experimentally test the dynamic performance of an actual prototype of a wind turbine. In order to verify the validity of the calculation methods, a test platform for the dynamic response of the wind turbine prototype was built, with a digital speckle strain measurement system (XTDIC) from the Xi'an Jiaotong University, adopted for the measurement of the dynamic performance of the wind turbine. The XTDIC system is an optical non-contact three-dimensional deformation measurement system, with the measurement accuracy up to 10 μm which ensures the accuracy of the tests performed on the wind turbine.
The test platform for the dynamic response of wind turbine is shown in Fig. 3 . It is composed of an axial flow fan, anemoscope, XTDIC measurement system, wind turbine and its base. The function of the axial flow fan consists in providing a wind source for the test platform. Wind speed changes by changing its rotary speed in the experimental process; the anemoscope is used to measure the wind speed; the digital speckle strain measurement system is adopted to measure the wind force and the dynamic response of every component of the set; the test model for the wind turbine is composed of blades, a hub, a tower and a fixed nacelle connected to the tower. The blade and the hub are installed inside the nacelle by bearing supports; the test model for the wind turbine is placed on the base to regulate the posture of the wind turbine: by rotating the base, the varying wind direction can be simulated. The calculation results for the dynamic response of the wind turbine are employed in the dynamic analysis of the test model of the wind turbine ( Fig. 4 ), in order to compare the simulation predictions with experimental results. Table 1 shows the displacement dynamic response of the wind turbine hub under the action of various steady state winds; the error between simulation and experimental results is as low as 5.56 % when the wind speed is 12 m/s; the highest error between the calculated value and the test value is 8.67 % at the wind speed of 8 m/s; the table shows that test values are generally lower than analysis values, probably due to the influence of spray painting of the speckle on the test result. The error between calculated values and experimental values is smaller than 10 % at any wind speeds, indicating that the employed analysis method is valid. In order to perform an actual case study, a land-based 2 MW wind turbine was chosen as the analysis object. The impeller diameter is 40 m, the hub diameter is 2.5 m, and the tower height is 75 m. The blade structure in a finite element model for the wind turbine is a beam element, and the tower top mass is a point mass element. The blade material is a GRP complex fiber, with an elastic modulus of 1.76×10 10 Pa and a Poisson ratio of 0.17; the tower is made of Q345E alloy steel, which elastic modulus is 2.06×10 11 Pa, and which Poisson ratio is 0.28. The tower bottom section is subject to full restraint to restrict all degrees of freedom on the section node. The finite element analysis model for the wind turbine is shown in Fig. 5 : the number of element nodes is 63,377, and the number of elements is 292,296. 
Modal analysis
Modal analysis is the basis for the dynamic response analysis process. In this work, a Block Lanczos method algorithm was adopted to carry out a modal analysis of a wind turbine system to extract the natural frequency at first 20 orders of structure, as shown in Table 2 . Due to space limitations, we only present the mode shapes at the first five orders, as shown in Fig. 6 . From the modal shape diagram (Fig. 6 ) of the wind turbine, it is possible to observe that the first order mode shape is forward and backward bending vibration of two blades along the axis; the second order mode shape is forward and backward bending vibration of the whole wind turbine along the axis, the third, fourth and fifth order modal shapes are the first order flap vibrations of the blade. In the third order mode, the lower blade remains motionless while the remaining two blades undergo reverse vibrations along the axis; in the fourth order mode, the lower blade undergoes a reverse vibration along the axis; finally, in the fifth order mode, three blades vibrate along the axis. 
Analysis of steady dynamic performance of wind turbine
The dynamic excitation of the wind turbine blade and hub at a rated wind speed of 10 m/s is obtained by calculations shown in Fig. 7 and Fig. 8 . The exciting load of the blade shows periodical changes between 33.72×10 3 N and 46.69×10 3 The dynamic response curve of hub displacement on the wind turbine can be obtained by analyzing the steady state dynamic response of the wind turbine based on the calculation process shown in Fig. 9 . The hub displacement response fluctuates between 0.55 m and 0.80 m; the dominant frequency component in the dynamic response is 0.30 Hz, which is compatible with the dominant frequency of the blade. Fig. 10 shows the Von Mises stress contour of the wind turbine when the dynamic response of the hub reaches its maximum. The stress decreases linearly when moving from the bottom to the top of the tower, because the maximum stress occurs at the bottom, and the average stress value is 152.5×10 6 Pa (Fig. 11) ; at the lower blade root, the stress reaches the maximum value among blades, and the average stress value is up to 35.5×10 6 Pa; the dynamic load excitation and the Von Mises stress from the root to the tip of the blade are shown in Fig. 12 . The dynamic load excitation decreases parabolically when moving from the root to the tip; since the blade can be considered as a cantilever beam, the Von Moses stress accordingly decreases as a parabola when moving from 0 to 11 m, and it follows a gradual decrease with insignificant changes from 11 to 38.75 m.
a) The curve of dynamic load b) The spectrum of dynamic load Under the action of a steady state wind, the load applied to the wind turbine is expected to change with the change of wind speed. The dynamic system characteristic is subject to the influence of the dynamic load excitation, and its response depends on the natural frequency of system. The dynamic response of the wind turbine was determined at various wind speed values shown in Fig. 13 . When the wind speed is lower than the rated wind speed (10 m/s), the rotary speed of the impeller increases with the wind speed, and the wind turbine is in a speed-up stage. Since there is a linear relation between the rotary speed and frequency, the dominant frequency component of the hub dynamic response increases as well; at a wind speed of 4 m/s, the rotor speed is lower, and the fluctuations in the hub dynamic response of displacement are low, with an amplitude of 0.03 m; and the dominant frequency component is 0.169 Hz; At the wind speed of 7 m/s, the rotor speed is up to 13.3 rpm, its rotational frequency is 0.22 Hz, which is close to 0.24 Hz as the first-order natural frequency of the wind turbine system. Therefore, the wind turbine is subject to resonance, its vibration intensifies up to the amplitude of 0.24 m; in addition to the increase in the wind speed, the load frequency gradually diverges from the resonance range, and the amplitude is also decreasing.
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Dynamic response analysis for wind turbine in start-up and normal shut-down conditions
Dynamic response analysis for wind turbine in start-up condition
During the start-up condition, wind turbines gradually start to accelerate from a static or idling condition under the action of the aerodynamic rotor force due to natural wind speed or to a motor-applied torque, until the required speed is reached, and the generator can be connected to the grid. The start-up condition is defined as the operating condition from a static state until the rated speed is reached; Fig. 14 shows the dynamic load excitation of the hub on the wind turbine. The dynamic response curve of hub displacement in the start-up condition can be calculated as shown in Fig. 15 . The Figures show that the load applied to hub increases throughout the start-up process, along with its displacement response. The maximum value is reached at 21 s. The dynamic response of hub displacement has a maximum value of 1.00 m. At later times, fluctuations start to occur, and after 30 s, the dynamic response of hub displacement becomes steady along with the load.
Dynamic response analysis for wind turbine in normal shut-down condition
Under the action of pneumatic brakes and due to the generator resistance, the speed of wind turbine decreases until the shut-down or idling condition is reached. The dynamic load excitation applied to the hub in a normal shut-down process is shown in Fig. 16 . From 0 to 20 s, the wind turbine is operating normally, and then the dynamic loads applied to the hub suddenly decrease all of a sudden at 20 s. The minimum load of -84,743 N is applied at 23 s, and then the load gradually increases to 0. The dynamic response of hub displacement obtained by calculation is shown in Fig. 17 , which shows periodical changes from 0 to 20 s. Then the hub displacement decrease until the minimum value of -0.58 m at 23 s, with an increase in fluctuation amplitude by 171.96 %. This effect has a strong impact on the wind turbine; at later times, under the action of structural damping, the dynamic response of hub displacement gradually tends to 0. 
Transient response analysis for wind turbine in extreme condition
Turbulence effect
In general, turbulence is referred to as a flow regime which occurs at high flow rates, and they are in their turn accompanied with that the pressure and flow velocity of a fluid change chaotically, as opposed to what happens in a laminar flow. Turbulence in aerodynamics indicates fluctuations with a wind speed no lower than ten minutes which cannot be expressed by a definite equation. Turbulence is simulated by a wind field with the rated wind speed of 10 m/s and turbulence intensity of 18 %. The dynamic load excitation of the wind turbine hub is shown in Fig. 18 . The dynamic response of the hub and of the blade tip under the action of turbulence can be obtained by calculations shown in Fig. 19 and Fig. 20 . Fig. 18 shows that, under the action of turbulence, the change in dynamic load excitation of the hub is irregular and fluctuating, the frequency component of the excitation is a low order frequency with the dominant component being at 0.9 Hz. Figs. 19 and 20 shows that, under the action of turbulence, the displacement response of the hub and the blade tip is also randomly distributed, the hub amplitude varies from -0.39 to 1.39 m, and the blade tip amplitude varies from JOURNAL OF VIBROENGINEERING. FEBRUARY 2020, VOLUME 22, ISSUE 1 
Action of gusts in extreme conditions
A gust is defined as a wind condition in which the speed fluctuates within a short time interval, as a result of air disturbances, bringing about irregular vortexes due to obstacles (e.g hills, buildings or forests) which block the air flow. The presence of vortexes changes the air flow rate, depending on the relative direction of the vortex and the air flow direction. If the vortex is consistent with air in terms of flow direction, an extremely high wind speed is generated in a short time, which is referred to as a gust in extreme conditions [16] .
The dynamic load excitation of a wind turbine hub under the action of a gust in extreme conditions is illustrated in Fig. 21 , which shows that the dynamic load excitation of the hub suddenly decreases and then increases abruptly, after that it decreases again before stabilizing to the initial value. The dynamic displacement response of the hub and the blade tip is obtained by calculations as shown in Fig. 22 . (15- 30 s) , the hub load changes significantly, with the maximum load of 544.56×10 3 N and the minimum load of -262.49×10 3 N; the hub vibration is strongly enhanced, with a maximum amplitude of 1.84 m, which corresponds to a 179.52 % increase compared to the steady state. After the gust vanishes, the dynamic load excitation and displacement response of the hub stabilize gradually. Under the action of steady state wind, the displacement response of the blade tip is fluctuates between 0.76 m and 2.92 m, while under the action of the gust, the amplitude of the blade tip is 5.56 m at maximum, (190.41 % increase compared with the steady state). After the gust vanishes, the displacement response of blade tip stabilizes gradually as well.
Gust action with extreme direction changes
When the wind turbine is in operation, gusts may make the wind direction change in the form of a cosine while keeping a constant speed. These conditions are referred to as gusts with extreme direction changes. Fig. 23 shows the dynamic load excitation of the wind input model and the wind turbine hub, which transient response curve is shown in Fig. 24 Figs. 23 and 24 show that, when the angle between the wind direction and the turbine is 0° (0-20 s), the dynamic load excitation of the wind turbine hub shows periodical changes between 266.35×10 3 N and 274.74×10 3 N, and its displacement response fluctuates between 0.55 m and 0.80 m. When the angle between the wind direction and the turbine starts to vary (20-40 s), the load and displacement response of the hub also change; the angle at 30 s reaches its maximum value of 40°. At this point, the windward load applied to the wind turbine rapidly decreases, and the dynamic load excitation of the hub decreases to its lowest value of 216.04×10 3 N. The maximum amplitude in these conditions is 1.10 m, which is lower by 137.5 % as compared with the steady state. As the angle gradually decreases (from 30 s to 40 s), the dynamic load excitation of the hub increases, and its displacement response fluctuation decreases. The transient gust vanishes at 40 s, when the angle is 0. The dynamic response of hub displacement stabilizes along with the dynamic load excitation. Due to the flexibility of wind turbine blades, the gust with extreme direction has very small influence on the blade tip, which is not considered here for this reason.
Conclusions
This work presents a calculation method for the dynamic response analysis of a wind turbine, determining its dynamic response in various conditions. The following main conclusions can be draw from our results:
1) Under the action of steady state wind, if the wind speed is lower than its rated value, the rotary speed of the wind turbine increases, as does the dominant frequency component of its hub displacement response. In the case of rated wind speed, the Von Mises stress at the tower bottom has its maximum, with the average value up to 152.5×10 6 Pa; at a higher wind speed, the turbine is in constant speed operation, the dominant frequency component of the hub displacement response is consistent with the value found at the rated wind speed, without further increase.
2) In the start-up condition, the dynamic response of hub displacement of the wind turbine increases: after reaching its peak value, it gradually stabilizes, affecting on the wind turbine to a certain extent. In the normal shut-down condition, the minimum amplitude of the wind turbine hub is higher by a factor of 171.96 % as compared with the steady state, shortening the service life of the wind turbine.
3) Under the action of turbulence, the displacement response fluctuation at the hub and the blade tip of the wind turbine is enhanced and irregular, the dominant frequency component of the hub displacement response is 0.29 Hz, and the dominant frequency component of the blade tip is 0.30 Hz.
4) Under the action of gusts in extreme condition, the maximum amplitudes of the wind turbine hub and the blade tip are increased by 179.52 % and 190.41 %, respectively, with respect to the steady state; under the action of gusts with extreme direction changes, the maximum amplitude of the wind turbine hub is increased by 137.5 % as compared with the steady state, while the displacement response of the blade tip is virtually unaffected due to the blade flexibility.
